Induction and Repression of a Soluble Nitrogenase System and the Internal Membranes in Azotobacter by Oppenheim, Joel
Loyola University Chicago
Loyola eCommons
Dissertations Theses and Dissertations
1970
Induction and Repression of a Soluble Nitrogenase
System and the Internal Membranes in Azotobacter
Joel Oppenheim
Loyola University Chicago
This Dissertation is brought to you for free and open access by the Theses and Dissertations at Loyola eCommons. It has been accepted for inclusion in
Dissertations by an authorized administrator of Loyola eCommons. For more information, please contact ecommons@luc.edu.
This work is licensed under a Creative Commons Attribution-Noncommercial-No Derivative Works 3.0 License.
Copyright © Joel Oppenheim
Recommended Citation
Oppenheim, Joel, "Induction and Repression of a Soluble Nitrogenase System and the Internal Membranes in Azotobacter" (1970).
Dissertations. Paper 1010.
http://ecommons.luc.edu/luc_diss/1010
Induction and Repression of a Soluble Nitrogenase System 
and the Internal Membranes in Azotobacter 
by 
Joel Oppenheim 
A Dissertation Submitted to the Faculty of the Graduate 
School of Loyola University of Chicago, in Partial 
Fulfillment of the Requirements for the Degree 
of Doctor of Philosophy 
June 
1970 
UBRARY 
LOYOLA UNIVERSITY MED!CA~ t:Er-UE~ 
TABLE OF CONTENTS 
Chapter 
I. Introduction......................................... 1 
II. Materials and Methods ..................•..........•.. 5 
Organism, Medium and Cultivation .................. 5 
Harvest and Lysis . .......... o • • • • • • • • • • • • • • • • • • • • • 6 
Electron Microscopy ...•......................•.•.. 7 
(a) Whole and lysed cell preparations ......... 7 
(b) Cellular components (for nitrogen 
fixation experiments) ........••........... 8 
Assays. . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . • . . . . . . . . . • 9 
/-.\ ~T.!..L--------- .C..!---.L.!---- .,.,. ____ , ____ 1..!. __ _ 
\l...&.J 1.~-1..l....1..V':j~·Li .L...1..~~U..1-..LVJ..1• .L.'i,J .l-~\.A.U\,....L.-..o.-Vll 
tlysed cel..l preparations J • • • • • • • • • • • • • • • • • Y 
(b) Nitrogen fixation: acetylene reduction 
(lysed cell preparations) ................. 11 
(c) Nitrogen fixation: acetylene reduction 
(whole cell preparations) . . . . . . . . . . . . . . . • . 12 
(d) NADH oxidase .............................. 13 
(e) Lipid phosphorus ......................••.. 13 
(f) Protein determinations.. . . . . . . . . • . . . . . . . . . 14 
Determination of Oxygen Stability of 
the Nitrogenase System ......•.............•....... 15 
Cytochrome Spectra ......•.......••..... ~ .....•.... 15 
Chemicals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 
i 
Chapter 
III. 
TABLE OF CONTENTS (cont.) 
· Results............................................. . 16 
A. Correlation of Ultrastructure in 
Azotobacter vineZandii with Nitrogen 
Source for Growth ............................. 16 
(1) Electron micrographs and growth 
rates of A. vineZandii grown in 
different nitrogen sources .............•. 16 
(2) NADH oxidase activity of 
A. vinelandii grown in different 
nitrogen sources ..•...................... 24 
(3) Nitrogenase activity of 
A. vinelandii cells grown in 
different nitrogen sources ............... 24 
B. Correlation Between the Kinetics of 
Induction and Repression of Membrane 
Formation and the Induction and Reoression 
· - _r .°_ h •"' 'l'.i ~ .J_ .,- '"" ......- .....-. •--. •' · .--. r ..- Tr~.'• .--.. • 
'-.&."-"- .l.~-'- '-..L. .,_,,,':J"-.L.&.\.A.._,...__ "-'.1. ..._, '-'-"'J.~L -'-.L.L 
A. vine landii. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 6 
(1) Step-up and step-down growth 
experiments of A. vinelandii ............. 26 
(2) Electron microscopic analyses of 
samples from the step-up and 
step-down growth experiments .....•.•..•.. 31 
(3) NADH oxidase activity of samples 
from the step-up and step-down 
growth experiments .....•.........•..••••. 42 
(4) Cellular lipid phosphorus levels of 
samples from the step-up and 
step-down growth experiments ............. 47 
(5) Nitrogenase activity of samples 
from the step-up and step-down 
growth experiments ..............••...•... 47 
ii 
Chapter 
'"""',..,,~""""""'-'~"'--------==g~.-·~·-~"~l 
TABLE OF CONTENTS (cont.) 
1 Page 
C. The Establishment of a Soluble Nitrogenase 
System in A. vinelandii ....................•.. 57 
(1) Proving the soluble nature of 
the nitrogenase system ................... 57 
(2) Comparison of nitrogenase activity 
in extracts obtained by osmotic 
shock lysis and French Pressure 
Cell disruption .......................... 60 
(3) Comparison of oxygen stability of 
the nitrogenase system in extracts 
obtained by osmotic shock lysis and 
French Pressure Cell disruption .......... 64 
(4) Purification of the nitrogenase 
enzymes . . . . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . 6 6 
IV. Discussion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71 
V. S1,J.'!11m.:::iir' 1 ........ ~ ....... ". c-.;;. ""~;;..,. ~ o ~. =- "' ............................... tli± 
VI. Literature Cited ................•........•........... 86 
iii 
LIST OF FIGURES 
Figure Page 
1 Growth curves of Azotobacter vinelandii as a 
function of the nitrogen source on which the 
organism is _grovJn. . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . 19 
2 Schematic representation of the cell wall and 
internal membrane system in A. vinelandii .........•.. 22 
3 Step-up growth curve of A. vinelandii ................ 27 
4 Step-down growth curve of A. vinelandii .............. 29 
5 NADH oxidase activity in samples taken from a 
step-up growth experiment ............................ 44 
6 NADH oxidase activity in samples taken from a 
step-down growth experiment....................... . . . 45 
7 Cellular lipid phosphorus levels in whole cell 
samples of A. vinelandii taken from a step-up 
,-~-.-,-, .. ,-;L 1""\ - . ...,:-·- .- 'lo""_,; ~ .--.~--. .~. /I n 
::i--··-·· ---,_----···-··-···································· 
8 Cellular lipid phosphorus levels in whole cell 
samples of A. vinelandii taken from a step-down 
growth experiment ................................•... 49 
9 Nitrogenase activity in whole cell samples of 
A. vinelandii taken during a step-up growth 
experiment....... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 
10 Nitrogenase activity in whole cell samples of 
A. vinelandii taken during a step-down growth 
experiment ..................... · ....................... 54 
11 Comparison of oxygen sensitivity of the 
nitrogenase in cell extracts of A. vinelandii 
prep~red by osmotic shock lysis and French 
Pressure Cell disruption ..................•.......... 65 
iv 
LIST OF TABLES 
Table Page 
1 NADH oxidase activities in hulls of osmotically 
lysed A. vineZandii grown on different nitrogen 
sources.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 
2 NADH oxidase activity in hulls of osmotically 
lysed A. vineZandii taken from step-up and 
step-down growth experiments .......................... 43 
3 Cellular lipid phosphorus levels in samples 
taken from a step-up growth experiment ................ 50 
4 Cellular lipid phosphorus levels of samples 
taken from a step-down growth experiment .............. 51 
5 Nitrogenase activity in whole cell samples of 
A. vineZandii taken during a step-up growth 
experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 
A. vineiana~i taken curing a step-down growth 
experiment ............................................ 56 
7 Distribution of NADH oxidase and nitrogenase 
activities in fractions from an osmotically 
lysed preparation of A. vineZandii .................... 58 
8 Comparison of nitrogenase activity in fractions 
prepared by French Pressure Cell disruption 
and osmotic shock lysis .................. ··~·········· 63 
9 The effect of glycerol on the preservation of 
nitrogenase activity during centrifugation ............ 68 
10 Comparison of purification procedures for the 
nitrogenase system of A. vineZandii ................... 69 
v 
Plate 
1-4 
5-6 
7-8 
9-20 
?l -1.1 
35 
36 
LIST OF PLATES 
Sections of Azotobacter vinelandii growing 
exponentially in air, NH 4c1, NaN0 3 and Casamino acids, respectively ....................... 17 
Sections of osmotically lysed A. vinelandii 
grown in air and NH4c1, respectively ............... 20 
Sections of osmotically lysed A. vinelandii 
grpwrn om NaN0 3 and Casamino acids, respectively .... 21 
Sections of whole and osmotically lysed 
A. vinelandii samples from a step-up 
growth experiment .................................. 35-37 
~e~~~n~c 0£ whale ~~d o=~otio~lly lysEe 
A. v;n~iundii ~~1vles irom a step-aown 
growth experiment .....••.......................•... 38-41 
Section of the 30p30 fraction of A. vinelandii 
prepared by osmotic shock .....................•...• 61 
Sample of the 30s30 fraction of A. vinelandii 
prepared by osmotic shock ..•..........••.•......... 62 
37 Sample of the 30s30 fraction of A. vinelandii 
disrupted in the French Pressure Cell ..•...•..•.... 67 
vi 
ACKNOWLEDGEMENTS 
The author is grateful to Dr. Robert Hadek, of the Depart-
ment of Anatomy, for the use of his electron microscope and 
laboratory facilities. The author also wishes to thank Dr. 
Winston Brill and P. W. Wilson, of the Department of Bacteriol-
ogy of the University of Wisconsin, for the use of their lab-
oratories. Appreciation is also extended to Dr. Stanley Holt, 
of the Department of Bacteriology of the University of 
Massachusetts, for training the author in electron microscopy 
techniques so necessary for this thesis and Dr. Robert Fisher 
of the Retina Foundation of Boston, Massachusetts who col-
laborated with me on some of the research. Sincere appreciation 
is extended to Miss Roberta Novak for her patience in typing 
this dissertation. 
Finally, I would like to extend· my fullest appreciation 
to my advisor, Dr. Leon Marcus, for his guidance and tolerance 
during the course of this study. 
vii 
___ ,, _____ ...... _________________ ......, _______ ....... __ ~4"!Jl:WJ>,~Yf.~-
DEDICATION 
This dissertation is dedicated to my wife, Susan, 
whose love and encouragement gives meaning and 
direction to my life. 
viii 
--
I. INTRODUCTION 
Microbial biomembranes not only comprise a vital part of 
the structure of the cell envelope, but also have been impli-
cated in several vital functions of the cell, e.g., respiration 
(12), function of the nucleus (20,28,46), cell division and 
cell wall synthesis (22,27,47), permeability (33,35), ribosomal 
attachment (1,3,24,49,55), photosynthesis (6,7,10,17,21,25,26, 
36,48,52,56) and nitrogen fixation (8,9,23). In all these 
studies, however, while specific activities were assigned to 
the membranes, only the photosynthesis study established a 
quantitative structure-function relationship. 
Vatter and Wolfe (56), while studying the ultrastructure 
- ' _,..., ... '·-, ...... __,_ ...-, .., .,_~ 
..L VL /.../..L Vl./ll ..J...J.J. \....J.J...L..LJ. 
sections, noticed that the cytoplasm of these cells grown 
photosynthetically contained a large concentration of apparently 
independent circular membrane structures. They further observed 
that the same cells grown heterotrophically did not contain 
these structures. They concluded that.these structures were 
the pigmented photosynthetic chromato.phores isolated in 1952 by 
Schachman, Pardee and Stanier (48). 
In 1960, Flexer, Sistrom and Chaoman (17) reported evidence 
that chromatophores originated from the cytoplasmic membrane, 
rather than being independent vesicular structures. Boatman 
1 
and Douglas (7), Cohen-Bazire and Kunisawa (10), Giesbrecht and 
Drews (21) and Boatman (6) also concluded that the chromato-
phores were formed by invaginations of the plasma membrane. 
Holt and Marr (25) then showed electron microscopically and 
biochemically that the principle location of the photosynthetic 
pigments in R. rubrum was that system of membranes which orig-
inate from the cytoplasmic membrane and which formed a tubular 
branched network which pervaded the cytoplasm. 
Electron micrographs published by Cohen-Bazire and 
2 
Kunisawa (10), and Stanier (52) established that the variability 
in the amount of internal membrane was a direct result of a 
change in light intensity at which R. rubrum was grown. In 
::c:ctiVi.!3 of wliule cell~ u.L .H. rubrum grown at nigh light inten-
sities, the internal membranes (chromatophores) were observed 
to be restricted to a peripheral location. At low light inten-
sities the membranes appeared more abundant and intruded into 
the cytoplasm. These results were confirmed by Holt and Marr 
(26) in thin sections of osmotically· lysed R. rubrum which more 
clearly demonstrated this phenomenon~ In addition, Holt and 
Marr showed that highly purified chromatophores, from cells 
grown at low to moderate light intensities, had a constant 
content of chlorophyll, thus indicating that the chlorophyll 
content of a cell varies directly with the formation of greater 
or lesser amounts of membrane. 
Tubular intracytoplasmic membranes are not confined to 
the photosynthetic bacteria. There are published micrographs 
of gram negative bacteria showing a tubular intracytoplasmic 
membrane system. In SpiriZZum serpens "simple intrusives" 
extending into the cytoplasmic region have been observed by 
nurray ( 3 6) . Smith (SO) and Cota-Robles and Coffman (11) 
-~· 
observed intracytoplasmic membranes in sections of Escherichia 
coZi. 
Invaginations of the cytoplasmic membrane of Azotobacter 
vineZandii were depicted in the classic electron micrographs 
of Pangborn et aZ. (42). These observations were extended by 
the biochemical analyses of Robrish and Marr (45). Oppenheim, 
bchein bu ks ;i"'.,.:i ~~::::~'..:.:: ( ~ C; '.:..~iell L eporcect results which indi-
cated that this internal membrane system appeared to be a 
function of the nitrogen source on which Azotobacter was grown. 
Based on these observations and from studies of the Azoto-
bacter nitrogenase system by Bulen et aZ. (8,9) and Hardy and 
Knight (23), which indicated the particulate nature of this 
enzyme, we attempted to establish a structure-function relation-
ship between nitrogen fixation and the development of the vast 
internal tubular membrane system in the A. vineZandii. 
The initial stage of our research consisted of an exten-
sive electron microscopic examination of the changes in the 
ultrastructure of A. vineZandii when this organism was grown 
on different nitrogen sources. We next proceeded to study, 
by electron microscopic and biochemical means, the kinetics 
of induction and repression of membrane formation and the 
interrelationship with the induction and repression of the 
nitrogenase system. Finally, we examined the physical state of 
the nitrogenase system in the cell, developing in the process 
a new technique for the isolation and partial purification of 
the nitrogenase system. 
An additional result of this research was a proposal for 
a structure-function model concerning the induction and re-
pression of the internal membrane system in A. vineZandii 
correlated with the appearance and disappearance of the nitro-
genase system. 
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II. .MATERIALS AND METHODS 
Organism, Medium and_Cultivat~on. Azotobacter vinelandii 
strain OP, a slime-free mutant, obtained from Professor P. W. 
Wilson of the Univer~ity of Wisconsin, was used in this study. 
For most experiments in the study 1-liter cultures were grown 
in a modified Burk's nitrogen-free medium, containing per liter: 
KH 2Po4 , 0.2 g; K2HP0 4 , 0.8 g; MgS0 4 ·7 H20, 0.2 g; CaC1 2 ·2 H20, 
0.04 g; Fe 3 (so4 ) 2 , 1 mg; NaMoo 4 , 0.1 mg; and sucrose, 20 g. 
The cultures were shaken on a New Brunswick rotary shaker at 
32 C in 2-liter flasks fitted with stainless steel baffles to 
increase aeration (19). When larger quantities of cells were 
required, as for the phospholipid determinations and NADH oxi-
I ,..1 - ,-. ~-,, -. r- .-.. -:-. -: 7 .-
................ ....,. _ ----.i ..... r :" 0 .. , ..; +- - .. ..- ,, "'::l +- ,--:1-. r.-:-: 1 +;~ .... -~--::. - .. ~.-- .,-.-_ rf,.....!'""\,..·1'l""': 
.._. -- - - - - - - - - -· - - - .. - - - .J ~ - .. - -
medium in a Fermacell Fermenter model F-30 (New Brunswick 
Scientific Co., Inc.) at 30-32 C. For such cultures, it was 
found necessary to add 1 N NaOH to maintain a pH range of 6.6 -
6.8 and to control aeration, especially in freshly inoculated 
cultures. Aeration was increased from 0.2 to 48 cubic feet per 
min (CFM) in required intervals, to maintain proper aeration 
according to the density of the culture. Accordingly, the 
baffle rotation speed was varied between 100 to 500 rev/min. 
Fixed nitrogen was added in the form of either 0.5% Cas-
amino acids (Difeo; enzymatic digest of casein). 0.25% NaN0 3 
5 
·' 
or o.25% NH 4Cl to the basic Burk's medium. Growth rates were 
determined by removing samples at hourly intervals after inocu-
lation and measuring appropriate dilutions in a Beckman DB 
spectrophotometer at"600 nm. Growth rates were determined by 
the graphic analyses of A600 versus time in hours plotted on 
semi-log graph paper. 
A working stock culture of A. vinelandii was maintained by 
daily inoculation in 250 ml flasks containing 100 ml of Burk's 
6 
medium. The working stock culture was tested for purity monthly 
by streaking out on both Burk's agar and nutrient agar plates. 
A. vinelandii strain OP forms large, light brown colonies on 
Burk's agar after 2-4 days incubation at 32 C. A fluorescent 
.. 
however, grows relatively poorly on the n"utrient agar while 
most contaminants grow well. 
Harvest and Lysis. Samples from exponentially growing 
cultures were harvested by rapidly pouring them onto finely 
crushed ice, which lowers the temperature to 0 C within 10-15 
sec. All subsequent procedures were performed at or near 0 C. 
The cells were then sedimented for 10 min at 10,000 x g in a 
refrigerated centrifuge, resuspended in cold AVO buffer (Tris-
HCl 0.05 M, pH 7.2; magnesium acetate 0.004 M; KCl 0.1 M; and 
spermidine•3-HC1 0.0002 M) containing 3.0 M glycerol. The cells 
were centrifuged again and finally resuspended in a minimal 
quantity of the same buffer. Cells were then lysed by abruptly 
___ .,,,i>::-,~~--------·-------·n.-e==,..._..,......, 
adding a minimal quantity of the AVO buffer minus the glycerol 
to the glycerol laden cells (1 ml of buffer per 1 ml of gly-
cerolized cell suspension). A 100 µg quantity of electro-
phoretically pure DNAse (Worthington) was added to the buffer 
used for the osmotic lysis. The lysate was freed of hulls and 
intact cells by centrifugation at 10,000 x g for 10 min, 
immediately after which the supernatant fluid was carefully 
decanted. This method of cell disruption (39) is a slight 
7 
modification of the procedure developed by Robrish and Marr (45). 
Electron Microscopy 
a. Whole and lysed cell preparations. A modified 
sucrose density gradient procedure was used to separate intact 
I -: ~ \ 
\..Ju I • 
'' .. _ .._ .-.. .. ,- -.. -.......... I • 
..rl...L\.-C:::..1- V.JJ.UV\.-...L\,; 
- -. - _..,,., .-.~.....-.. ........... ~ . 
\.-.1.1'-- oJ \..l..J 1::-'..__J.J..J ...l.-\,J.l.J. 
was held at 0 C for 15 min. The soluble cellular contents 
were separated from intact and broken cells by low speed cen-
trifugation for 10 min at 10,000 x g. After the supernatant 
fluid was decanted, the pellet was washed twice by centrifugation 
The pellet was resuspended in a minimal volume of buffer, 
placed on a 20-70% sucrose density gr.adient and centrifuged 
for 10 min at 10,000 x g in an SB 110 swinging bucket rotor in 
an IEC B-20.centrifuge. During centrifugation two discrete 
bands were formed within the gradient. The band closest to the 
top of the tube was shown by means of electron microscopy to 
contain lysed cells exclusively. The band closest to the 
bottom of the gradient contained predominantly unlysed cells, 
··--------~OUlllllllJl4- ,.....,,......,.,.~M':"i>"",,_;o;..,.,......, ....... XE<1:!1'>.....,.c;;~~-3-----.;.:~-Cl~..,,,,..-... _--··~~A=W-~, 
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usually in the dividing state. Interposed between the two bands 
was a turbid region which contained a mixture of large pieces 
of cell debris, incompletely emptied lysed cells and intact 
single cells. The contents of the bands were pipetted off 
separately, resuspended in buffer, centrifuged and resuspended. 
Samples of whole and lysed cells were fixed with 1% 
osmium tetroxide buffered at pH 6.1 with veronal acetate buffer 
as described by Kellenberger et a Z. (29). Fixed samples were 
dehydrated by immersion in a graded series of ethanol solutions 
( 2 0 I 5 0 I 7 0 I 9 5 and 10 0 % ) for 15 min in each, then in a 
series of mixtures of ethanol and propylene oxide (1:2, 1:1 
and 1:2) for 30 min in each, and finally in 100% propylene 
oxide for 1 hr. Samples were then embedded in Epon 81:2 accord-
ing to Luft (32). The blocks were cured for 48 hr at 60 c. 
Thin sections of the cured blocks were cut on a Reichert Omu2 
automatic ultramicrotome with a DuPont diamond knife and 
mounted on Formvar carbon-coated grids. Sections were doubly 
stained, first in 2% uranyl acetate for 2 hr and then in lead 
citrate for 5 min according to Reynolds (44). 
b. Cellular components (for nitrogen fixation experi-
ments). The osmotic shock lysate was clarified by centrifuga-
tion at 30,000 x g for 30 min. The supernatant fluid (30s30) 
was stored; storage in all the described manipulations was in 
a nitrogen atmosphere at 5 C. The lysed cells in the pellet 
(30p30) were mechanically separated from the unlysed cells by 
gently_ removing the top layer of the pellet using a spatula, 
washed once in 0.025 M Tris buffer, at pH 7.4, recentrifuged 
and finally suspended in 10 ml of the same buffer and stored. 
The 30p30 fraction was fixed with 1% osmium tetroxide buffered 
at pH 6.1 in veronal acetate buffer. This fixed preparation 
was dehydrated, embedded and sectioned as described above. The 
30s30, 180sl80 and 180pl80 fractions ~ere prepared for electron 
microscopy either by negative staining with 2% phosphotungstic 
acid or by shadow casting with carbon platinum. 
All samples, after staining, were examined by an RCA 
electron microscope (EMU-3F) with a double condenser fit with 
.-.~- - .,._'""" I - . . . ' . - ,, - i • - ~ - .I ~ - ~ - - ~ 
V~C..LULCU a~ ~v hV• r1..L.L J:-'..L\.... l-U..L Co::> 
were taken of 2 x 10 inch Kodak medium grain gloss plates. 
Assays 
a. Nitrogen fixation; N2 reduction (lysed cell pre-
paration). Nitrogen fixation was assayed in essentially the 
same manner as described by Bulen, Burns and Lecomte (8) and 
Dilworth, Subramanian, Munson and Burris (14). The reactions 
were carried out anaerobically in 20 ml serum bottles provided 
with rubber serum stoppers. Reaction mixtures contained 30 
µmoles creatine phosphate, 0.2 mg creatine phosphokinase, 2.5 
µmoles adenosine triphosphate, 5 µmoles Mgcl 2 , 25 µmoles tris 
(hydroxymethn) aminomethane _ (pH 7. 5 5) in one ml. The serum 
9 
bottles were evacuated and flushed three times with helium or 
nitrogen gas; the control bottles were filled to 1 atm with 
high purity helium gas (Airco) while the bottles for duplicate 
experimental samples.were filled with 1 atm nitrogen gas. 
Before the start of the reaction, 20 µmoles of neutralized 
10 
sodium dithionite contained in 0.2 ml was added to each bottle. 
Fresh dithionite was prepared each time in degassed H20 under 
helium. The pH of the dithionite was adjusted to 7.4 with 
0.1 N NaOH. Nitrogen fixation was started by the addition of 
0.1 to 0.2 ml of the 30s30 extract preparations into the bottles 
using a syringe. The final volume of the reaction mixture was 
1.0 ml. The reactions mixtures were then incubated at 30 C 
1 = ....... - ..L. ~ ~ --- ... .! ~- ..... .., 
..1...J .t.u....1...J.J. U..L.t...LC...:>.J Vl-.L.LC:...LVV.LC>C .11Vl-CU• 
The incubation was terminated by addition of 1 ml of 
a saturated solution of potassium carbonate. The ammonia was 
then distilled at room temperature and trapped in a drop of 
5 N H2so4 suspended by an etched glass rod inserted into the 
rubber stopper used to seal the bottle above the reaction 
mixture-potassium carbonate solution. 
Distillation was allowed to proceed overnight. The etched 
glass rod was then placed in a 30 ml beaker containing 5 ml of 
water and stirred. After removing the glass rod, 2 ml of 
Nessler's reagent and 2 ml of 3 N NaOH were added. The mixture 
was stirred and placed in colorimeter tubes. The mixture was 
~~-•-·luc,_ ____ _.,,...,...,.. ..... ,..,. _ .. _maua--..~'~a:rr:•r iiiilt:!t.~.13":'1••:.::...r;.ft'~~~=',>('""""-.-i..:c~·.·,.··:-~~;;;:c~~'I.~.---=-o:..":;\1?_,,, 
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incubated for 30 min and ti 1bsorbance of the solutions 
measured at 490 nm in a Ba\ h and Lomb spectrophotometer. The 
ammonia content was determined from a standard curve (pre;::ared 
using ammonium sulfate) with a range of 5-3 0 µg N/ml. Tr.e 
amount of nitrogen fixed was determined by subtracting t~e 
amount of NH3 in the helium controls from those of the ~2 
reaction mixtures. The specific activity for the N2 red~ction 
is expressed as the nmoles of N2 reduced per minute per cg 
protein. 
b. Nitrogen fixation: acetylene reduction (l~sed 
cell preparation). The reaction mixture was the same as 
described for nitrogen fixation; 5 ml serum bottles fitted with 
flushed three times with helium gas and filled to 1 atm with 
helium and 0.2 ml of purified aceytlene (Matheson Co.;. A 
control bottle minus the acetylene was also used. After in-
jection of 20 µmoles of neutralized sodium dithionite, acetylene 
reduction was commenced by injection of 0.1 to 0.2 ml of the 
enzyme preparation. The reaction mixtures were then incubated 
at 30 C for 5 to 15 min unless otherwise stated. The reactions 
were terminated by the injection of 0.1 ml of 33% trichlor-
acetic acid (TCA). The ethylene (C 2H4 ) produced from the 
reduction of acetylene (C 2H2 ) was analyzed as described by 
Stewart, Fitzgerald and Burris (53) with the aid of an Aerograph 
12 
600D HyFi Gas Chromatograph (Varian Aerograph, Walnut Creek, 
Calif.) equipped with hydrogen flame ionization detector. The 
column used to separate ethylene from acetylene was a 6 feet 
by 1/8 inch stainle~s steel filled with uncoated, 50-80 mesh 
Poropak R (Waters Associates, Inc., Framingham, Mass.). The 
flow rate of the carrier gas, nitrogen, and the flow rate of 
the hydrogen gas through the detector was 25 cc/min and the 
colu.~n was operated at 50 c. 
After termination of the reaction 0.5 ml of H2o was 
injected into the serum bottle with a syringe and 0.2 ml of 
the gas phase was removed and injected by syringe into the gas 
chromatograph column. The amount of ethylene in the sample 
ethylene, as compared to a standard curve of recorded peak 
heights produced by known quantities of ethylene. The specific 
activity for samples by the acetylene reduction reaction is 
expressed as the nmoles of ethylene formed per min per mg 
protein. 
c. Nitrogen fixation: acetylene reduction (whole 
cell preparations). The reactions were carried out anaerobi-
cally in 20 ml serum bottles fitted with rubber stoppers. The 
bottles were evacuated and flushed 3 times with helium gas and 
then filled with 1 atm of helium and 1 ml of purified water 
cleaned acetylene. A control bottle minus acetylene was also 
used. Triplicate 1 ml samples from an exponentially growing 
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culture were taken at appropriate times and each inoculated 
into serum bottles which were preincubated in a 30 C shaking 
water bath. The reaction mixtures were then incubated at 
30 C for 30, 60 and 90 min for each sample. The reactions 
were terminated by removing the serum bottles from the shaker 
and injecting 0.1 ml 33% TCA. The ethylene formed in the 
acetylene reduction process was then analyzed as described 
above. The specific activity for samples by acetylene reduction 
. 
reaction of whole cells is expressed as the nmoles of ethylene 
formed per min per mg dry wt. 
d. NADH oxidase. Reduced diphosphopyridine nucleo-
tide oxidase was assayed by the decrease in absorbanci at 340 
nm resulting from the oxidation of NADH. To a 1 cm quartz 
absorption cell, 2.8 ml of 0.05 M Tris-HCl buffer (pH 8.6) and 
5 to 50 µl of the enzyme preparation were added. The reaction 
was started by the addition of 0.2 ml of solution containing 
2 mg NADH per ml. One unit of enzymatic activity is defined 
as the amount of enzyme preparation required to change the 
absorbancy 1.0 A340 per min per mg protein. 
e. Lipid ohosphorus. Two to five gram samples of 
A. vineZandii were washed with distilled water and sedimented 
by centrifugation. The total lipid content was extracted in 
a rnonophasic system from each of the wet cell samples by pooling 
the chloroform fractions from 3 successive 20 ml chloroform: 
methanol (2:1) extractions. Each pool was then washed by the 
procedure of Folch et al. (18) and the lower phase, containing 
the extracted lipid, was then concentrated by evaporation. 
For some samples (i.e., those grown in ammonia) it was found 
difficult to separate the lipid from the sample pools by the 
washing method described. In such cases the pool was first 
concentrated, then 8 ml of the chloroform methanol solution 
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and 2 ml of 1% KCl were added. After shaking the mixture 
vigorously and then allowing it to stand for several hours a 
biphasic system developed. After separation the upper phase 
was washed with 4 ml of pure chloroform (5). The lower chloro-
form phase was collected and concentrated. The lipid fractions 
wc:Le i...111;:~11 driea overnight at room temperature in tarred 
weighing vessels, placed in a desicator and the following 
morning the amount of lipid (mg) per gram of cells wet weight 
was determined. The amount of lipid phosphorus per cell was 
determined in the lipid samples by the colorimetric method of 
Allen (2). 
f. Protein determinations. Protein concentrations 
were determined with the Folin-Ciocalteu phenol reagent (Aloe 
Scientific) according to the method of Lowry et al. (31), using 
crystaline bovine serum albumin as a standard. 
15 
Determination of Oxygen Stability of the Nitrogenase System. 
Three ml samples of the 30s30 fraction from cells broken either 
by French Pressure Cell disruption or by osmotic shock were 
placed in 20 ml serum bottles under an N2 atmosphere. At zero 
time, samples were assayed and the extracts exposed to air by 
shaking (50 oscillations/min) on a reciprocal shaker at 5 C. 
Each point on the inactivation curve represents an individual 
3 ml sample. 
Cytochrome Spectra. Cytochrome spectra were obtained 
using a Beckman Model DB recording spectrophotometer. 
Chemicals. ATP, ATP: creatine phosphotransferase (EC 
2/7/32), phosphocreatine, B-diphosphopyridine nucleotide 
Co., sodium hydrosulfite (dithionite) from J. T. Baker Chemical 
Co. The gases were as follows: acetylene, purified grade 
(Matheson Co.), oxygen, USP and helium, high purity grade 
(National Cylinder Gas Co.) and nitrogen (Airco). Electro-
phoretically pure DNAse was obtained from Worthington Bio-
chemical Co. All other chemicals used were of reagent grade. 
r 
III. RESULTS 
A. Correlation of Ultrastructure in Azotobacter vineZandii 
with Nitrogen Source for Growth. 
(1) Electron micrographs and growth rates of A. vine-
Zandii grown in different nitrogen sources. In an attempt to 
elucidate and extend our preliminary observations, which indi-
cated that the formation of the internal membrane system in 
A. vineZandii appeared to be a function of the nitrogen source 
on which this organism was grown, a comprehensive electron 
microscopic study of A. vineZandii grown with different nitrogen 
sources was initiated. 
Plates 1 through 4 are electron micrographs of thin 
sections ot whole cells ot Azotobacter vinelandii grown with 
atmospheric nitrogen (N2 ), ammonia, nitrate and Casamino acids, 
respectively. Three striking features are apparent. First, 
the cytoplasm of the N2 grown cells (Plate 1) contains invagina-
ting internal membranes while cells grown with fixed nitrogen 
appear to lack these (Plates 2-4). Secondly, the cells grown 
with N2 are more dense, e.g., the cytoplasmic contents appear 
to be more tightly packed than cells grown with ammonia or amino 
acids, alth9ugh cells grown on nitrate approach the N2-grown 
cells in density. Finally, cells grown with atmospheric nitrogen 
are smaller than those grown with ammonia or Casamino acids. 
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Plates 1-4. Sections of Azotobacter vinelandii growing 
exponentially in air (N 2 ), 0.25% NH4Cl, 0.25% 
NaN03, and 0.5% Casamino acids, respectively. 
Visible are the cell wall (CW), the cell 
membrane (CM), the internal membrane system 
(IM), the nuclear region (NR), a microtubule 
(.MT), and poly-S-hydroxybutyrate (PHB) granules. 
The bar in Plate 1 represents 1 µm. 
CW----
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MT--
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Dimensions of the N2-grown cells average 2.5 by 1.5 µm, whereas 
those of the latter average 3.1 by 2.0 µm. These dimensions 
were determined by averaging the measurements of 30 different 
cells of each type, ~aken from phase photomicrographs. Cells 
grown with nitrate are intermediate in size between the extremes 
of N2 and ammonia grown cells. 
The doubling time for cultures of A. vinelandii grown 
with ammonia, Casamino acids, nitrate and N2 were 1.5, 1.7, 
1.8 and 2.0 hr, respectively (Figure 1), corresponding to growth 
rates (k) of 0.46, 0.40, 0.38 and 0.34~ 
For a clearer demonstration of the invaginating in-
ternal membrane system in A. vinelandii, cells were lysed 
stituents. Lysed cells were separated from whole cells as 
described in Materials and Methods. The internal membrane system 
of cells grown in N2 became obvious (Plate 5). It consists of 
invaginating, elongated tubules with alternating bulbous and 
constricted regions originating from the peripheral cytoplasmic 
membrane which are partially obscured by the cytoplasm in the 
intact cell (Plate 1). The internal organization of these 
membranes closely resembles those described by Holt •and Marr 
(25) in Rhodospirillum rubrum. Figure 2 is a schematic repre-
sentation of the internal membrane system and the cell wall 
structure in lysed A. vinelandii grown with atmospheric nitrogen. 
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Fig. 1: Growth curves of Azotobacter vinelandii as a function 
of the nitrogen source on which the organism is grown. 
Growth curves of A. vinelandii grown in Burk's nitrogen 
free medium (-o-), Burk's supplemented with 0.25% 
NH4Cl (-e-), 0.25% NaN03 (-A-), and with .0.50% of 
enzymatically digested Casamino acids (-~-),respect­
ively. 
C WP__..:._------w 
CW-~~ 
1• 
Plates S and 6. Sections of osrnotically lysed Azo t obacter 
grown in air (N2) and NH4Cl, respectively. 
The bar in Plate 5 re~resents 1 ~rn. 
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Plates 7 and 8. Sections of osmotically lysed Azotobacter 
grown in NaN0 3 and Casamino acids, respectively. 
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Fig. 2: Schematic representation of the cell wall and internal 
membrane system in Azotobacter. The cell wall (CW), 
projections of£ the cell wall (CWP) , the cytoplasmic 
membrane (CM) and the invaginating internal membrane 
(IM) are depicted. 
Plate 6 shows a thin section of an osmotically lysed 
ammonia-grown cell. In such cells, there is a small amount of 
the extended membrane networki all that is present is concen-
trated around the internal periphery and is rarely seen pro-
truding into the interior of the cell. A regular observation 
in the ammonia-grown cells is a pool of electron dense, 
crystalline material, which is not readily extruded upon cell 
lysis. Presumably this material is poly-S-hydroxybutyrate 
(PHB), which appears as the large "lipoidal'' bodies (59) in 
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the unlysed cells. The crystalline appearance probably results 
from fixation or dehydration of the lysed cells, or from both. 
Cells grown with nitrate contain little, if anv. 
~eLlpheral internal membranes (Plate 7), while their occurrence 
in Casamino acid-grown cells is variable according to the lot 
used (Plate 8). Poly-S-hydroxybutyrate does not seem to be 
synthesized in large quantities when nitrate or Casamino acids 
are used as nitrogen source. 
Plates 5-8 also show that a portion of the ribosomal 
content remain within the cell after osmotic lysis. Most 
likely these ribosomes-polyribosomes are attached to an ill 
defined monolayered reticulum, which transverses through the 
cytoplasmic region, rather than to the internal membranous 
network (40,41). 
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(2) NADH oxidase activity of A. vinelandii grown in 
different nitorgen sources. It has been previously demonstrated 
-
by Robrish and Marr (45) that the NADH oxidase of Azotobacter 
is localized on the cell membrane. In order to further analyze 
the difference in membr~ne content of cells grown in the dif-
ferent media, NADH oxidase assays were performed on the osmoti-
cally lysed hulls of each type. Table 1 contains a summary of 
these results. Hulls of cells grovm with ammonia typically 
show specific activities approximately 1/3 the activity found 
in cells grown with N2 . Cells grown in nitrate showed activities 
similar to ammonia-grown cells. Cell envelopes of cells grown 
in fixed nitrogen in the form of Casamino acid, however, gave 
obtained for N2 and ammonia-grown cells, depending on the source 
and amino acid content of the Casamino acids used. 
(3) Nitrogenase activity in A. vinelandii cells grown 
in different nitrogen sources. The relationship between the 
presence of the internal membranes and the nitrogenase activity 
was next determined. Whole cell samples from cultures grown 
with the four nitrogen sources were examined for nitrogenase 
activity. Cells grown on N2 showed very high nitrogenase 
activity, while cells grown on either ammonia or nitrate ex-
hibited no activity. Cells grown on protein digests, however, 
possessed very low levels of activity in some cultures while no 
activity was apparent in others (data not shown here). 
~· 
--------------------------------·--------------~~----, 
TABLE 1 
NADH Oxidase Activity in Hulls of Osmotically 
Lysed Azotobacter vinelandii Grown on 
Different Nitrogen Sources 
Sample 
Aillitlonia hulls 
Nitrate hulls 
Amino acid hulls 
Atmospheric nitrogen 
hulls 
NADH 
specific 
6.0 
6.2 
7.5 
9.4 
oxidase 
activity 
+ 0.5 
+ 0.5 
+ 1.0 
+ 0.2 
* 
*NADH oxidase specific activity is defined as 
the decrease of 1.0 A340/min/mg protein. The 
values expressed are the average of at least 
3 separate determinations. 
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B. Correlation Between the Kinetics of Induction and Re-
nression of Membrane Formation and the Induction and Repression 
~-
of the Nitrogenase System in A. vineZandii. 
(1) Step-up and step-down growth ex?eriments of 
A. vineZandii. An intensive electron microscopic and biochemical 
study was pursued to study the kinetics of induction and re-
pression of membrane formation, events which are suggested by 
the preceding experiments, and observations on other associated 
cytological phenomena. Two basic growth curve exoeriments 
were performed in this study. In the step-up experiment, a 
fixed nitrogen source, ammonia, was abruptly added to cells 
growing exponentially in Burk's medium. In the step-down 
I 
I 
experiment, A. v~nelana~~ was grown witn a i1m1tea suppiy or ~ 
ammonia so that the supply was exhausted at a low cell density, 
after which the cells grew on atmospheric nitrogen. In these 
experiments we used ammonia as the fixed nitrogen source, 
because it is the end product of nitrogen fixation, an enzymatic 
process which, we believed, strongly influenced membrane 
development. 
Fig. 3 shows a typical step-up growth curve of 
A. vineZandii strain OP when grown in a 2-liter shake-flask. 
A 2-3 hr lag ensues after inoculation, a typical phenomenon 
observed in Azotobacter when grown on unaltered Burk's medium. 
The growth rate gradually increases during the next 2 hr until 
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Fig. 3. Step-up growth curve of Azotobacter vineZandii. 0.25% 
NH4cl was abruptly added to a 1-liter culture of ex-
ponentially growing A. vineZandii in Burk's nitrogen 
free medium. Growth was followed by taking A600 
readings every 30 min. The arrows indicate when 
samples were taken for electron microscopic examination; 
the first sample was taken immediately before the 
addition of the ammonia; succeeding samples were 
taken 1, 2, 3-1/2, 5 and 6-1/2 hr thereafter. 
a constant exponential rate, with a doubling time of approxi-
mately 2.0 hr is established. While the culture is in early 
exponential growth, .0.25% NH4Cl is added. Upon the abrupt 
addition of the ammonia source the culture enters a brief 15 
to 30 mi.n lag and then immediately begins to establish a new 
growth rate with a doubling time of 1.5 hr. This new rate is 
maintained until the culture approaches the stationary phase. 
It was found necessary to add 1 N NaOH at intervals, after 
the addition of the NH 4Cl, in order to maintain a pH between 
6.4 - 7.0, a range necessary for growth. 
When similar experiments were repeated in a SO-liter 
fermentor, the results were easen~i~lly ~ho sa~~ ~~sc~~ ~~~~ 
the initial 2 to 3 hr lag, observed after inoculation of an 
N2-grown culture into fresh B~rk's medium could be reduced to 
30 min or less by preincubating the fresh medium at 30-32 C 
before inoculation and lowering the air input to almost 0 CFM. 
It should also be noted that the growth rates tended to be 
10 to 20% higher for cells grown in the fermenter under all 
conditions. 
A typical step-down growth curve of A. vineZandii 
grown in 2~liter shake flasks, when supplied with a limited 
amount of ammonia, is shown in Fig. 4. A slight initial lag 
occurs after inoculation, after which growth proceeds at a 
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doubling time of approximately 1.5 hr. When the ammonia supply 
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Fig. 4. Step-down growth curve of AzotobacteP vinelandii. A 
1-liter culture of A. vinelandii was grown with a 
limited supply of ammonia (0.05% NH 4Cl). Growth was fo~lowed by taking A600 readings every 30 min. The 
arrows indicate when samples were taken for electron 
microscopic examination; the first sample was taken 
approximately 1/2 hr before the ammonia in the culture 
was no longer detectable; succeeding samples were taken 
1/2, 1-1/2, 2-1/2, 3-1/2, 4-1/2, 5-1/2 and 6-1/2 hr 
thereafter. 
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is exhausted (as determined by spot testing the medium with 
Nessle~'s solution) growth halts abruptly. However, if ammonia 
is added just at this point an immediate resumption of growth 
occurs at the same rate as before the supply of ammonia was 
exhausted. The ensueing lag lasts for 60 to 90 min after which 
a new growth rate with a doubling time of approximately 2.0 hr 
is gradually established over the next 3 hr. The second rate 
is maintained until the culture approaches the stationary 
phase. This diauxic type growth curve is very similar to that 
reported by Strandberg and Wilson (54). 
When similar experiments were performed in the fer-
mentor the results obtained were the same as above except that 1
1 
the lag phase, which occurred after the ammonia source was 
exhausted, was extended by 4 to 6 hr, or even longer, unless 
the air supply was reduced drastically to almost 0 CFM at 
this point. If the air supply was so reduced after ammonia 
exhaustion the lag lasted the same 60 to 90 min period observed 
in the shake flasks. 
We noticed, as had Strandb~rg and Wilson (54), that 
cells and extracts of A. vinelandii grown in Burk's nitrogen 
free medium· are dark brown whereas cells grown on combined 
nitrogen are a lighter, tannish-brown. When the organism was 
switched from one source of nitrogen to the other, a striking 
change in color was observed. However, no differences in the 
spectra of extracts from cells grown on air and those grown 
on ammonia could be observed. 
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(2) Electron microscopic analyses of samples from the 
step-up and step-down growth experiments. In order to visualize 
the cytological changes that were occurring during the step-up 
and step-down experiments, samples were collected at appro-
priate times during each growth experiment and prepared for 
electron microscopic analysis (see Fig. 3 and 4 for the exact 
times). One portion of each sample was prepared directly for 
such analysis, while another was first osmotically lysed, to 
remove the readily extractable cytoplasmic constituents, and 
purified, as previously described, prior to preparation. 
Plates 9 and 10, respectively, show electron micro-
graphs of whole and lysed cells from a sample taken irrmediately 
prior to the addition of the ammonia in the step-up growth 
experiment (refer to Fig. 3). The micrographs show typical 
whole and lysed cells of N2-grown cells which contain the 
vast invaginating internal membrane system described earlier 
(Plates 1 and 5). 
Plates 11 and 12 show micrographs of whole and lysed 
cells from a sample taken 1 hr after the addition.of ammonia. 
Within this hour a number of morphological changes have 
occurred. Whole cells (Plate 11) increase in diameter and 
begin to form visible vacuoles of PHB. The lyscd cells 
(Plate 12) show the same transversing membrane system as seen 
in Plate 10, but in addition show the formation of the crystal-
line granules of PHB. After two hr (one generation time after 
the addition of ammonia), whole cells (Plate 13) increase in 
volume, all cells now contain vacuoles, and the internal mem-
brane system, which previously transversed rampantly throughout 
the cytoplasm, begins to condense around the peripherial cyto-
plasmic membrane. Plate 14, the lysed cell preparation from 
the 2 hr sample, supports these observations. 
Plates 15 and 17 are electron micrographs of whole 
cells from samples taken 3-1/2 and 5 hr (2 and 3 generation 
times) after the addition of ammonia. During this time period 
the internal membrane system continues to degenerate while 
cell size increases. The micrographs of lysed cell, Plates 16 
and 18, of each of these preparations, confirm these observa-
tions. 
The final sample in the step-up series, taken 6~ hr 
or 4 cell generations after the addition of ammonia, shows 
the completed structural metamorphosis. Plates 19 and 20 
show the whole and lysed cell preparations, respectively. What 
remains of the internal membrane system lies as bulbous pro-
jections off the cytoplasmic membrane, located exclusively 
about the internal periphery; large vacuoles of PHB are present 
in every cell; and total cell volu.~e has increased by about 
,.. 
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33%. Such samples appear very similar to cells grown exclusively 
with ammonia for a number of generations. 
Plates 21 and 22, respectively, show electron micro-
graphs of whole and lysed cells of a sample taken from a 
step-down growth experiment (see Fig. 4) early in the exponential 
phase, while cells are still growing on am."'llonia. The micro-
graphs show typical whole and lysed cell preparations of amrnonia-
grown cells described earlier (Plates 2 and 6). Plates 23 
and 24 are micrographs of whole and lysed cells of a sample 
taken just as the culture has exhausted the residual ammonia. 
Morphologically, there is little difference between the cells 
of this sample and the preceding one, except that not all of 
the lysed cells contain PHB crystalline granules. 
A noticeable difference in morphology becomes obvious 
in a sample taken one hr after the exhaustion of the armnonia. 
In the whole cell preparation {Plate 25), there is an apparent 
condensation and increase in the membrane invaginating off 
the cytoplasmic membrane and there is ~o longer a distinct 
PHB granule in all cells, but rather some contain pools of an 
amorphous material which is probably PHB that is no longer 
contained within its membrane. Plate 26 presents a micrograph 
of a lysed cell from the same sample, showing both the initial 
stage of internal membrane formation, and the absence of PHB 
granules in the cell at this stage. Two hr after the exhaustion 
,,,! 1 
of ammonia, when the culture is just beginning to establish a 
new growth rate (see Fig. 4), whole cells (Plate 27) appear to 
decrease in size and to become more condensed. There is also 
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a continued increasing invagination of the cytoplasmic membrane 
and the accumulation of large pools of the amorphous material 
seen one hr earlier. The lysed cell preparation of this 
sample (Plate 28) is similar to that of Plate 26, except that 
there appears to be more internal membrane. 
Plates 29 and 31 are whole cell preparations taken 
3 and 4 hr after ammonia exhaustion. These micrographs reflect 
the continuing invagination of the plasma membrane into the 
interior of the cell and the complete absence of any detectable 
puul uf J:'lilj. Tne ce.L.LS d..LSU snow i:.ne coni:..tnueci gLauua.L uecrease 
in cell size and apparent increase in density. The lysed cell 
preparations of these samples, Plates 30 and 32, show the 
invaginating membrane more clearly. 
Six hr, or about 2-1/2 generations, after the switch-
over, when the culture is growing exponentially at its second 
rate, the micrographs of whole cells (Plate 33) and lysed 
cells (Plate 34) resemble those of cells grown exclusively in 
N2 medium for a number of generations (Plates 1 and 5). 
A note of clarification must be added at this point 
with regard to the electron micrographs discussed above. Each 
micrograph is representative of how the majority of the cells 
plate 9 1 Thin section of an A. v1>ne Zandii cell from a sample 
taken immediately prior to the addition of ammonia in 
the step-up growth experiment (refer to Fig. 3). 
plate 10 2 Thin section of an osmotically lysed A. vine Zandi1: 
cell from the sample taken immediately prior to the 
addition of ammonia in the step-up growth experiment. 
plate 11 Thin section of an A. vinelandii cell from a sample 
taken 1 hr after the addition of ammonia. 
Plate 12 Thin section of an oxmotically lysed A. vinelandii 
cell from the sample taken 1 hr after the addition 
of ammonia. 
Plate 13 
Plate 14 
Plate 15 
Plate 16 
Pla.te 17 
Plate 18 
Plate 19 
Plate 20 
Thin section of an A. vinelandii cell from a sample 
taken 2 hr after the addition of ammonia. 
Thin section of an osmotically lysed A. vinelandii 
cell from the sample taken 2 hr after the addition 
of ammonia. 
Thin section of an A. vinelandii cell from a sample 
taK"eD i-J./L hr aft:.er the a.uQ.ii:..iun (Jl u.llUttvu..1..a. 
Thin section of an osmotically lysed A. vinelandii 
cell from the sample taken 3-1/2 hr after the 
addition of ammonia. 
Thin section of an A. vinelandii cell from a sample 
taken 5 hr after the addition of ammonia. 
Thin section of an osmotically lysed A. vinelandii 
cell from the sample taken 5 hr after t.he addition 
of ammonia. 
Thin section of an A. vinelandii cell from a sample 
taken 6-1/2 hr after the addition of ammonia. 
Thin section of an osmotically lysed A. vinelandii 
cell from the sample taken 6-1/2 hr after the 
addition of ammonia. 
1 All odd number plates in this series are magnified X28,000. 
2 All even number plates in this series are magnified X38,000. 
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plate 21 1 Thin section of an A. vinelandii cell from a sample 
taken from a step-down growth experiment (refer to Fig. 
4), while the cells were still growing on ammonia. 
plate 22 2 
Plate 23 
-
Plate 24 
Plate 25 
Plate 26 
Plate 27 
Plate 28 
Plate 29 
Plate 30 
Plate 31 
Plate 32 
Plate 33 
Plate 34 
Thin section of an osmotically lysed A. vinelandii eel 
from a sample taken from a step-down growth experiment 
·while the cells were still grm·1ing on ammonia. 
Thin section of an A. vinelandii cell from a sample 
taken just as.the culture has exhausted the ammonia. 
Thin section of an osmotically lysed A. vinelandii 
cell from a sample taken just as the culture has 
exhausted the ammonia. 
Thin section of an A. vinelandii cell from a sample 
taken 1 hr after the exhaustion of ammonia. 
Thin section of an osmotically lysed A. vinelandii 
cell from a sample taken 1 hr after the exhaustion 
of ammonia. 
Thin section of an A. vinelandi~ cell from a sample 
taken 2 hr after the exhaustion of arrunonia. 
Thin section of an osmotically lysed A. vinelandii 
~Pll frnm a samole taken 2 hr after the exhaustion 
U _[ CULULLU.ll . ..L a.• 
Thin section of an A. vinelandii cell from a sample 
taken 3 hr after the Exhaustion of ammonia. 
Thin section of an osmotically lysed A. vineZandii 
cell from a sample taken 3 hr after the exhaustion 
of ammonia. 
Thin section of an A. vinelandii cell from a sample 
taken 4 hr after the exhaustion of ammonia. 
Thin section of an osmotically lysed A. vinelandii 
cell from a sample taken 4 hr after the exhaustion 
of ammonia. 
Thin section of an A. vinelandii cell from a sample 
taken 6 hr after the exhaustion of ammonia. 
Thin section of an osmotically lysed A. vinelandii 
cell from a sample taken 6 hr after the exhaustion 
of ammonia. 
1All odd number plates in this series are magnified X28,000. 
2 All even number plates in this series are magnified X38,000. 
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in any one sample appeared. It is obvious that since the 
starting cultures in either experiment were not in synchrony, 
a number of different cell types were seen in each sarnple. 
(3) NADH oxidase activity of samples from the step-up 
and step-down growth experiments. From the electron micro-
scopic analysis of the st~p-up and step-down experiments, it is 
apparent that we were observing the repression and induction, 
respectively, of the formation of a rather elaborate membrane 
system in A. vineZandii. In order to substantiate the morpho-
logical alterations observed in the electron micrographs by 
biochemical means, we examined the kinetics of an enzyme system 
known to be localized specifically in the internal membrane 
system. Such an enzyme system, NADH oxidase, was shown to 
exist by the findings of Robrish and Marr (45). We repeated 
the step-up and step-down experiments, taking samples at the 
appropriate times for NADH oxidase assays. The results of 
these experiments are presented graphically in Fig. 5 and 6 
and in tabulated form in Table 2. 
The specific activity of a sample taken just prior 
to the addition of the ammonia is the same as that reported 
earlier (Table 1) for cells grown exclusively in ~itrogen-free 
medium. In a sample taken 1 hr after the addition of ammonia 
in a step-up growth experiment (Fig. 5) there appears to be a 
slight (5%) increase in the specific activity which we do not 
TABLE 2 
NADH Oxidase Activity in Hulls of Osmotically Lysed 
A. vineZandii Taken From Step-Up and Step-Down 
Time of 
sample 1 
3.5 hr (0) 
4.5 (1) 
5.5 (2) 
6. 5 I -{I 
7.5 
8.5 
9.5 
10.5 
11. 5 
13.5 
( 4) 
(5) 
( 6) 
(7) 
(8) 
(10) 
Growth Experiments 
N2 -+ NH 4+ 
S .A. 2 
9.30 
9.81 
9.21 
ri •. ) b 
8.43 
7.99 
7.50 
6.07 
6.55 
% 0 Time 
value 
100.0% 
100.5 
99.0 
90.6 
85.9 
80.l 
65.3 
70.4 
NH 4+ -+ N2 
S. A. 2 
6.01 
4.82 
5.47 
..., r, 
I • J..L 
8.05 
8.40 
8.52 
8.80 
9.22 
% 0 Time 
value 
100.0% 
80.2 
91. 0 
133.9 
139.8 
141.8 
146.4 
153.4 
1 For time of sample refer to Fig. 5 and 6. 
2 NADH oxidase specific activity (S.A.) is defined as 
the decrease of 1.0 A340/min/mg protein. 
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Fig. 5. NADH oxidase activity in samples taken from a step-up 
growth experiment. NADH oxidase activities of osmoti-
cally lysed cell samples were determined; the first 
sample was taken irmnediately before the addition of 
the ammonia; succeeding samples were taken hourly for 
8 hr thereafter. Growth measurements are represented 
by closed circles (-s-) while NADH oxidase levels are 
represented by open circles (-o-). 
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Fig. 6. NADH oxidase activity in samples taken from a step-
down growth experiment. NADH oxidase activities were 
determined from osmotically lysed cell samples; the 
first sample was taken approximately at the time that 
the limited supply of ammonia is exhausted from the 
medium, succeeding samples were taken 1, 2, 3, 4, 5, 
6, 8 and 10 hr thereafter. Growth measurements are 
represented by closed circles (-•-) while NADH oxidase 
levels are represented by open circles (-o-). 
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believe is the result of experimental error since this point 
occurred in two other similarly conducted experiments. In 
samples taken over the next 7 hr (as indicated in Fig. 5) there 
was observed a continuous decrease in the specific activity 
values until a plateau (not shown) was reached after 8 hr, or 
approximately 4 generation times after the addition of ammonia. 
The specific activity of samples in the plateau are approxi-
mately 1/3 less than the activity shown in samples taken before 
the addition of the ammonia. These lower values are also very 
similar to those obtained from cells grown exclusively on 
ammonia (Table 1). 
Fig. 6 shows that if a sample is taken just prior to 
1 the exhaustion or tne ammonia in a step-down growth experiment, 
the specific activity of that sample is the same as reported 
for cells grown exclusively in an ammonia enriched medium 
(Table 1) and very similar to that of the last sample analyzed 
in the step-up growth experiment. The specific activity of a 
sample taken 1 hr after ammonia exhaustion shows a rapid (20%) 
decrease in activity. However, in samples taken during the 
;.A next 2 hr (approximately 1/2-1 generation times after ammonia 
exhaustion), there is a rapid increase in specific activity 
values after which there is a more gradual increase over the 
next 5 hr. The specific activity of the final sample in this 
step-down experiment is about equal to that found in cells 
~~~~~~~~~--~471 
r grown with N2 and very similar to the activity reported for the 
I initial sample in the step-up experiment. 
(4) Cellular lipid ph~horus levels of samoles from 
the step-up and step-down growth experiments. 
-
The results 
obtained from the NADH oxidase kinetic studies appeared to 
confirm our initial electron microscooical observations that 
we were observing the induction and renression of the formation 
of the internal membrane system in A. vinelandii. Since it 
has been shown that the vast majority of the total cellular 
phospholipid content in Azotobacter is found in the cytoplasmic 
membrane system (45), we decided to try to quantitate the 
induction and repression of the membranes by measuring the 
amount of phospholipid per cell from samples taken from the 
step-up and step-down experiments. The results of these experi-
I ments are presented graphically in Fig. 7 and 8, and in tabu-lated from in Tables 3 and 4. There appears to be little, if 
t any, net change in the total amount of the phospholipid per 
I cell in samples taken from either experiment. (5) Nitrogenase activity of samples from the step-up 
and step-down growth experiments. From the electron micro-
I scopic study it is apparent that cells growing on atmospheric nitrogen possess an extensive internal membrane system, while 
cells growing on ammonia lack such a system. It was also 
observed that these morphological states could be shifted back 
1 
I 
I 
Fig. 7. 
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Cellular lipid phosphorus levels in whole cell samples 
of A. vinelandii taken from a step-up growth exoeriment. 
Cellular lipid phosphorus levels were determined in 
whole cell samples; the first sample was. taken imme-
diately before the addition of the ammonia, succeeding 
samples were taken 1, 2, 3, 4, 6 and 7 hr thereafter. 
Growth measurements are represented by closed circles 
(-•-) while lipid phosphorus levels are represented 
by open circles (-o-). 
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Fig. 8. Cellular lipid phosphorus levels in whole cell samples 
of A. vineZandii taken from a step-down growth experi-
ment. Cellular lipid phosphorus levels were determined 
from a step-down growth experiment; the first sample 
was taken approximately at the time that the limited 
supply of anunonia is exhausted, succeeding samples 
were taken 1, 2, 3, 5, 6, 8 and 10 hr thereafter. 
Growth measurements are represented by closed circles 
(-$-) while lipid phosphorus levels are represented 
by open circles (-o-). 
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TABLE 3 
Cellular Lipid Phosphorus Levels in Samples Taken During 
A Step-Up (N2 + NH 4+) Growth Experiment 
mg lipid/ µg lipid-P/ 
Time of g dry wt µg lipid-P/ g dry wt µg lipid-P/ 
sample* cells mg lipid cell cell 
3.5 107.1 40.80 4.37 x 103 11. 4 x io- 9 
4.5 109.1 40.85 4.46 11. 6 
5.5 86.4 42.00 3.63 10.5 
~ - YL! - () 
·'!:2.58 -±. v v 11.6 u.J 
7.5 96.2 41.85 4.30 11. 7 
9.5 87.5 45.45 3.98 11. 5 
10.5 100.4 42.30 4.25 12.2 
*Refer to Fig. 7. 
I 
I 
TABLE 4 
Cellular Lipid Phosphorus Levels in Samples Taken During 
A Step-Down (NH4+ + N2 ) Growth Experimen~ 
I lipid/ lipid-P/ mg µg 
51 
Time of g dry wt µg lipid-P/ g dry wt ]Jg lipid-P/ 
sample* cells mg lipid cell cell 
3.5 103.2 38.80 4.0 x 103 11. 6 x 10- 9 
4.5 102.6 40.30 4.14 12.0 
5.5 119.l 40.75 4.75 12.3 
-· - - -- ::,9. ~ 0 4.L~ 12.4 U.J .LV.::loJ 
8.5 109.0 41. 00 4.56 11. 8 
9.5 105.1 39.25 4.13 10.8 
11. 5 117.6 38.60 4.54 11.8 
13.5 118.2 38.50 4.55 11. 8 
* Ref er to Fig. 8. 
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and forth simply by modifying the medium for gro·wth. The 
results present in section A further indicated that cells 
grown with ammonia do not synthesize nitrogenases (i.e., 
ammonia represses nitrogenase formation) while cells growing 
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on atmospheric nitrogen synthesize this enzyme system in fairly 
large quantities. 
Proceeding from these data, and the fact that the 
nitrogenases were apparently located on the internal membrane 
system (8,23), we examined the kinetics of induction and re-
pression of the nitrogenase system via.the step-up and step-
down experiments. It was hypothesized that since the nitro-
genases were membrane bound, induction and repression of the 
eu:L;yme ~Y~'l:em snou.ia mirror tne induction and repression of 
membrane formation as observed electron microscopically. 
Fig. 9 and 10 and Tables 5 and 6 show the kinetics 
of induction and repression of nitrogenase activity in the 
step--up and step-down grwoth experiments. When ammonia was 
added abruptly to a culture actively fixing nitrogen, nitro-
genase activity, as detected in a whole cell assay, dropped 
drastically within the first hr and is almost completely 
eliminated in two hr (Fig. 9). 
In the step-down growth experiment (Fig. 10) nitro-
genase activity was not detected until 30 to 60 min after the 
ammonia supply was exhausted. Nitrogenase activity then 
I 
I 
I 
I 
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Fig. 9. Nitrogenase activity in whole cell samples of 
A. vinelandii taken during a step-up growth experiment. 
Nitrogenase activities were determined in whole cell 
samples; the first sample was taken immediately before 
the addition of the ammonia; succeeding samples were 
taken 0.5, 0.75, 1.0, 1.5, 2.0, 2.75 and 3.5 hr there-
after. Growth measurements are represented by the 
closed circles (-•-) while nitrogenase levels are 
represented by the open circles (-o-). 
:~ 
'.···1· •..• ·.' 
,. 
:~ 
J,7 
54 
4.0 100~ 
s. -{ 
t::. 90 ~ 0 2.0 G> 
0 8 0 rri 
c.o z 7 0 l> 
+- 1.0 en 0 rn 60 
>- en 
"'O u 50 rn z 0.5 (") 
<( 40 
'Tl CD 
-a::: 30 (") 0 l> 
(/) 20 (") CD 0.2 -{ 
<( 10 < 
I I I -i 
O.lt : :::, jO -< 
0 I 2 3 4 5 6 7 8 
TIME (HR) 
Fig. 10. Nitrogenase activity in ~hole cell samples of 
A. vineZandii taken during a step-down growth experi-
ment. Nitrogenase activities were determined in whole 
cell samples taken at the indicated times throughout 
the growth curve. Growth measurements are represented 
by the closed circles c-~-) while nitrogenase levels 
are represented by the open circles (-o-). 
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TABLE 5 
Nitrog:enase Activity in l\lhole Cell Samnles of 
A. vineZandii Taken During a Step-Up Growth Experiment 
nm 
Corrected 2 dry wt ml 
ethylene 
per reduced/ 
Time 1 A600 A600 mg/ml sample min S. A. 3 
5.5 .675 .80 .220 1.0 14.4 65.7 
6.0 .700 . 85 .230 1. 0 2.7 11. 7 
6.25 .75 1.05 .280 1.0 2.3 8.2 
6.50 . 87 1.15 .310 1.0 1.6 5.2 
, , ~ l.~3 I • V .L • .J.. v • .:J IV .J... v .L • {) '±. J 
7.5 1.35 1.70 .430 1. 0 1.9 4.4 
8.~5 2.00 2.50 .600 1.0 1. 5 2.5 
9.00 2.70 3.50 .780 1.0 0.5 0.6 
1 Refer to Fig. 9. 
2 Corrected A600 refers to the absorbancy of the sample after 
the 90 min incubation period allowed during the assay; dry 
weight values were calculated from the corrected A6oo values. 
3 Specific Activity (S.A.) is defined as the nmoles ethylene 
reduced/min/mg protein. 
t 
' 
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TABLE 6 
Nitrogenase Activity in Whole Cell Samples of 
A. vinelandii Taken During a Step-Down Growth Experiment 
Corrected 2 
Time 1 A600 A600 
0 .19 .10 
1. 0 .27 .30 
2.0 .47 .51 
2.5 .50 .55 
3.0 .::JL. .:J/ 
3.5 .56 .62 
4.0 .66 .73 
4.5 .79 .89 
5.0 .92 1.08 
5.5 1.10 1.20 
6.0 1.30 1.50 
1 Refer to Fig. 10. 
dry wt 
mg/ml 
.060 
.078 
.135 
.150 
.16u 
.180 
.235 
.270 
.310 
.340 
.380 
ml per 
sample 
1. 0 
1.0 
1. 0 
1. 0 
l.. u 
1.0 
1. 0 
1.0 
1. 0 
1.0 
1. 0 
nm 
ethylene 
reduced/ 
min 
0 
0 
0 
0.13 
L:.IU 
7.20 
16.70 
24.40 
31.10 
36.70 
38.60 
S. A. 3 
0 
0 
0 
0.9 
!:L 1. 
40.0 
74.2 
90.4 
100.3 
107.9 
101. 6 
2Corrected A600 refers to the absorbancy of the· sample after 
the 90 min incubation period allowed during the assay; dry 
weight values were calculated from the corrected A600 values. 
3 Specific Activity (S.A.) is defined as the nmoles ethylene 
reduced/min/mg protein. 
I 
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rapidly increased during the next 2 hr and finally appeared to 
ievel off after 3-1/2 hr, or approximately 1-1/2 generation 
times after the ammonia was exhausted. 
c. The Establishment of a Soluble Nitrogenase System in 
A. vinelandii. 
=-------
(1) Proving the soluble nature of the nitrogenase 
~em. From the results of the preceding experiments, the 
positive correlation between the oresence of the internal 
membrane system and nitrogen fixation system became obvious. 
In order to further elucidate this relationship, a series of 
experiments were performed with the major fractions from a 
lysed cell preparation to determine whether the nitrogenase 
.... 1·::;·.:;c;:-;~ :LeS.J..uc:"' .LH L..1it::: .i.11i...eL11ctl membrane system. Ce..L..Ls were 
lysed by osmotic shock. The lysate was clarified by centri-
fugation at 30,000 x g for 30 min. The supernatant liquid 
57 
(30s30) was decanted and the lysed cells in the pellet (30p30) 
were mechanically separated from the unlysed cells. The super-
natant fraction (30s30) was then centrifuged at 180,000 x g 
for 3 hr yielding a brown supernatant fluid (180sl80) and a 
cream colored pellet (180pl80). Each of these four major 
fractions was then tested for NADH oxidase activity, nitrogenase 
activity (by N2 reduction and acetylene reduction) and examined 
electron microscopically. Table 7 summarizes the distribution 
of the enzymatic activities in the various fractions. 
, I 
' 
' 
TABLE 7 
Distribution of NADH Oxidase and Nitrogenase 
Activities in Fractions from an Osmotically 
Lysed Preparation of A. vinelandii 
Specific activity1 
Nitrogenase 2 
Fraction mg protein/ml NADH oxidase N2 C2H2 
30p30 4 5.0 0 
30~30 /I n. 11 1 p 
180pl80 4 0.3 0 
180sl80 15 o.o 19 
1Specific activities are defined as: 
NADH oxidase: decrease of 1.0 A340/min/mg protein 
N2 : nmoles N2 reduced/min/mg protein 
nmoles c2H2 formed/min/mg protein 
2Nitrogenase activity was determined by the N2 reduction 
(N2 ) and acetylene reduction (C2H2) procedures. 
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Almost 93% of the NADH oxidase activity sedimented 
with the membrane (cell envelope) fraction while less than 
8% r?mained the 30s30 fraction, showing that very little of 
the internal membrane structure was fragmented to enter into 
the supernatant fraction upon lysis. This is in good agreement 
with the findings of Robrish and Marr (45). The residual 
NADE oxidase sedimented with the 180pl80 fraction during a 
second centrifugation. Examination of these fractions for 
cytochromes revealed no Soret band in the 30s30 or 180sl80 
fractions. The cytochromes associated with the cell membrane 
(12) were found primarily in the 30p30 fraction. The spectra 
were similar to those obtained with extracts of the facultative 
The cell envelope fraction (30p30) lacked nitrogen 
fixing activity as measured by either the reduction of nitrogen 
to ammonia or by the more sensitive reduction of acetylene to 
ethylene. All of the nitrogenase activity was found in the 
30s30 fraction. This fraction was resolved further by ultra-
centrifugation at 180,000 x g. Although high speed centri-
fugation sedimented the rest of the NADH oxidase, ribosomes 
and microtubules, essentially none of the nitrogenase activity 
was found in this pellet. 
To determine whether centrifugation separated compo-
nents of the nitrogenase system, complementation tests between 
fractions were made. Low speed SU?ernatant (30 8 30) .and low 
speed pellet (30p30) fractions, and high speed supernatant 
(180
5
180) with high speed pellet (180pl80) fractions, were 
tested respectively in both of the nitrogen fixation assays 
previously described. Neither complementation or inhibition 
was observed. 
Plate 35 shows an electron micrograph of the 30p30 
fraction from osmotically lysed A. vineZandii~ this fraction 
was composed entirely of lysed cells containing the extensive 
internal membrane system. The 30s30 fraction contains a high 
concentration of ribosomes, and few vesicular membranes, 
flagella and microtubular complexes (Plate 36). The 180pl80 
fi:o.~1.:j_0f1 ::ii1uweu a. s.i.rnJ.J.ctr composi-c.1on. Tne l.8Usl.8U traction, 
however, was devoid of particulate material except for a few 
monoribosomes and ribosomal subunits. 
(2) Comparison of nitrogenase activity in extracts 
obtained by osmotic shock lysis and French Pressure Cell dis-
~uption. The observation that the nitrogenase remained in the 
supernatant fluid after centrifugation at 180,000 x g for 3 hr 
suggested a greater "solubility" of nitrogenase from the 
60 
Azotobacter than had been indicated by the experiments of other 
investigators using French Pressure Cell preparations (8). 
Accordingly, a comparison of the centrifugal properties of the 
two types of preparation was made with the results shown in 
Table 8. 
Plate 35. 
-~" 
·; 
:flit:+I. 
Sections of the 30P30 fraction of A. vinelandii 
lysed by osmotic shock. 
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'Plate 36. Sample of the 30s30 fraction of A. vi n eZandii 
' lysed by osmotic shock, negatively stained with 2% 
phosphotungstic acid. Intact microtubular struc-
tures (MT), fragments of flagella (FL), and some 
membrane fragments (MF) are visible. X40,000. 
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TABLE 8 
Comaprison of Nitrogenase Activity in Fractions Prepared by 
French Pressure Cell Disruotion and Osmotic Shock Lysis 
French Press Osmotic Shock 
Fraction S .A . .1. Units S. A. " Units 
Crude Extract 6.1 3780 11.0 4056 
30530 8.3 3824 16 3525 
30n30 lJ 11 () () 
144s360 0 0 8.0 648 
144p360 10.0 1384 10.3 740 
1 Specific Activity (S.A.): nmoles N2 reduced/min/mg protein. 
~ 
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When the 30s30 fraction from the osmotically lysed 
cells was centrifuged at 144,000 x g for 6 hr, about one-half 
of the nitrogenase activity remained in the supernatant. In 
Contrast, when a 30 30 extract was preoared in the French s -
pressure Cell, and subjected to the same centrifugation pro-
cedure, all activity was found in the pellet. Note, however, 
the large amount of activity that was lost even by the osmo-
tically shocked preparation during the long centrifugation. 
This is attributed to a much greater sensitivity to inactivation 
by oxygen of these preparations because the respiratory frac-
tions have been largely removed in the initial 30,000 x g 
for 30 min centrifugation. 
"'" - - - -· ' -- - -~ - .c 
'-\.....1.Llll:-'(;...l..L. ...J... U'-.J.1..1. \..../...1-
.- "',,_,.. ., ,....... ,..-.. ........, r, '+ -._ ~- . o , .~ I - - - _r 0 , 
\...J~'),,.1'.:1'"-.L.l. lo.Jl....(....(.,,,._.,...L...L...Ll_..i '-....1.J... \...l..L ....... 
system in extracts obtained by osmotic shock lysis and French 
Pressure Cell disruption. The stability to oxygen of the 
nitrogenase system of cell extracts (30s30) obtained from cells 
disrupted by osmotic lysis and in the French Pressure Cell 
were compared (Fig. 11). Nitrogenase activity of the osmo-
tically lysed preparation decreases 1n a logarithmic fashion; 
no activity remains after 2 hr. The nitrogenase activity of 
the extract, prepared in the French Pressure Cell decreased 
at a slower rate; 40% remained after 2 hr. Electron micrographs 
·of the two samples showed few, if any, membrane fragments in 
the osmotic shock extract (Plate 36), whereas the French Pressure 
Cell extract contained a large amount of Darticulate 
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Fig. 11. Comparison of oxy~en sensitivity of the nitrogenase 
(as detected by the reduction of nitrogen to ammonia) 
in cell extracts of A. vinelandii prepared by osmotic 
shock lysis ($-o) and French Pressure Cell (o-o) 
disruption. 
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material (Plate 37). 
The results from osmotically lysed cell preparations 
indicating the localization of the nitrogenase enzymatic 
activity in the soluble fraction, the oxygen stability of this 
system, and the electron micrographic studies of the various 
centrifugal fractions of the cell extracts, support the view 
that the membranes which contain the respiratory enzymes of 
the cell protect the soluble nitrogenases from oxygen inacti-
vation. 
(4) Purification of the nitrogenase enzymes. An 
attempt was then made to purify the nitrogenase enzymes. It 
was found (Table 9) that the 30s30 fraction could be further 
66 
I 
purified by centrituging tor J hr at 180,UUU x g in iu~ g1yceroi. 
The glycerol appeared to protect the nitrogenase system from 
inactivation. A twofold increase in the specific activity is 
achieved in the 180sl80 fraction. The 180pl80 pellet contained 
ribosomes and some membrane material and had no nitrogenase 
fixing activity. Further centrifugation of the 18~sl80 fraction 
for 10 hr sedimented the nitrogenase as a black pellet which, 
when suspended in buffer, had a specific activity four times 
w 
that of the·30s30 fraction (Table 10). An alternative purifi-
cation procedure involved heating the 30s30 fraction at 50 C 
for 10 min and then centrifuging at 180,000 x g for 3 hr. 
The 180sl80 fraction obtained also yielded a fourfold increase 
Plate 37. ·Sample of the 30s30 fraction of A. vinelandii 
disrupted in the French Pressure Cell, negatively 
stained with 2% phosphotungstic acid. X40,000. 
67 
68 
TABLE 9 
.The Effect of Glycerol on the Preservation_of 
Nitrogenase Activity During Centrifugation 
Fraction Units 
Buff er Buffer + 10% Glvcerol 
U-n-:i_t_s __ S.A. (N 2l 1 %-=-Recoveryi 
30s30 3486 12.8 100 3206 12.5 100 
0 0 0 0 0 0 
3335 19.0 96 2892 17.3 90 
180pl80 0 0 0 0 0 0 
1805480 0 0 0 1946 12.7 51 
180p480 1574 24.6 ..L..LU.L .) '± 
1Specific Activity (S.A.): nmoles N2 reduced/min/mg protein. 
Nitrogenase is sedimentable in the buffer + 10% glycerol pre-
paration when centrifuged for more than 10 hours. 
rrABLE 10 
Comparison of Purification Procedures for the 
Nitrogenase System of A. vinelandii 
Fraction 
... r."' ""I,....,.._ ,, O I I ., \ 
.LOVr.LOJ \.Ul.::Ctl ... L..LL'Cl.L.to'.UJ 
s . A . 1 ( nmo 1 es N 2 
Reduced/Min/Mg Protein) 
Expt. 1 
11.5 
21.0 
Expt. 2 
14.3 
24.1 
A, A 
'"'l: .J.. • "'% 
1 Specific Activity (S.A.): nmoles N2 reduced/min/mg 
protein. 
The enzyme preparations were maintained in buffer con-
taining 10% glycerol. 
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in activity. With either method a specific activity of 40-45 
nmoles-N2 reduced/mg protein/min was obtained (Table 10). 
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IV. DISCUSSION 
The electron micrographs, presented in section A of the 
results, of whole and lysed cells grown with different nitrogen 
sources show a number of interesting phenomena. The most 
significant observation is that the extensive internal membranous 
network in A. vineZandii is synthesized only when the cells 
are grown with air (N2 ) as the sole nitrogen source. There are 
several possible reasons for the formation of this additional 
quantity of membranes when Azotobacter species are fixing 
nitrogen. First, since it had been generally accepted that 
the nitrogenase system was particulate (8,23), the nitrogenases 
might be embedded in, or a constituent of, the membrane. Thus, 
tne internaL memorane : - • ; • - • .1 ... lleCWUL.K. .!..::> l.U.l..lllt::U 1.,.;Vl!l.,.;VLll.L '-CU-L L....i.._i vvl .::.u 
nitrogenase induction. Secondly, the respiratory activity of 
the cell membranes may be required in order for the cell to cope 
with the already know severe oxygen lability of the nitre-
genases (13). 
A. vineZandii grown with ammonia or Casamino acids are 
larger than their counterparts grown with atmospheric nitrogen. 
The cytoplasmic contents of cells grown with N2 also seem to 
be more tightly packed within the cell. It is questionable 
whether this is simply a reflection of an identical cytoplasmic 
complement packed into a smaller volume because of the vast 
internal membrane network. 
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It was noted that large quantities of poly-B-hydroxy-
butyrate (PHB) appeared in cells grown with ammonia, but was 
conspicuously absent in cells grown with N2 , Casamino acids, 
or with nitrate. We propose that the PHB may act as an electron 
sink in the ammonia grown cells, which acts to conserve the 
vast amount of energy which no longer need be devoted to nitre-
gen fixation, but whose presence may be rapidly utilized as an 
energy source should the occasion arise. The PHB would there-
fore not accumulate in cells actively fixing nitrogen (e.g. 
cells growing with N2 ) or in cells growing in a nitrogen source 
which must further be reduced in order to be utilized (i.e. 
the partially reduced nitrogen source itself acts as the elec-
tron sink), such as Casamino acids or nitrate. 
Cells utilizing ammonia grow 33% faster than those using 
N2. This faster rate of growth, however, is not unexpected, 
since the cell is no longer required to supply the vast amounts 
of energy and resources necessary to fix nitrogen or to syn-
thesize membrane. Accordingly, the growth rate in nitrate is 
more easily understood; it is faster than observed in N2 , but 
slower than in ammonia. This intermediate rate may be explained 
in that this nitrogen source is already partially reduced, 
therefore, the total energy output for nitrogen fixation is not 
required. Cells grown in nitrate also lack the extensive 
membrane system, another factor which may help explain their 
faster growth. 
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Growth of A. vinelandii in Burk's medium supplemented with 
Casamino acids is more enigmatic. It is not clear whether 
these microbes use the full complement of amino acids, per se, 
a select few, e.g., glutamate and aspa.rtate, or finally, simply 
dearninate selected amino acids and behave as if they were 
limited by ammonia. According to these experiments A. vinelandii 
does not seem to be inhibited by the presence of the amino 
acids. Perhaps some lots of casein digest contain peptides 
which can be easily deaminated and thereby the ultrastructure 
takes on the appearance of ammonia grown cells, while other 
lots of the digest do not contain such peptides. In other 
instances, a particular lot of casein digest may not contain 
the correct amino acids in the correct concentration, theretore 
the cells grow under nitrogen fixing conditions and demonstrate 
the corresponding ultrastructure. 
The quantity of NADH oxidase in cell varies directly with 
the quantity of total cellular membrane. Cells grown in 
ammonia and nitrate showed NADH oxidase activity about 33% 
lower than observed in cells grown with N2 . NADH oxidase 
levels in cells grown in Casamino acids were quite variable 
depending on the particular lot of Casamino acids used. 
The observation that cells grown on N2 exhibit very high 
nitrogenase activity while cells grown on ammonia or nitrate 
have no activity was not very surprising, and has been 
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demonstrated by several workers (30,51,54,58). Since ammonia 
appears to be the end product of biological nitrogen fixation, 
and nitrate an intermediate in this process, it would not 
appear necessary for a cell grown on either of these two sub-
strates to utilize the nitrogenase system. The low nitrogenase 
activity in some cultures grown on various lots of casein 
digest may be the result of the presence (or absence) and con-
centration of particular amino acids, as discussed earlier . 
By studying the kinetics of the morphological induction 
and repression of the formation of the extensive membrane 
system and the biochemical kinetics of induction and repression 
of the nitrogenase system, through the use of the step-up and 
step-down growth experiments, we hoped to establish a quanti-
tative correlation between the membrane system in A. vinelandii 
and the cells ability to fix nitrogen. 
The results of the step-up (Fig. 3) and step-down (Fig. 4) 
growth experiments themselves, appeared encouraging. The 
diauxic type growth pattern observed when cells were grown on 
a minimal exhaustible supply of ammonia, with the long lag 
between growth phases, strongly suggested that a massive cell 
reorganization must be taking place. During this.reorganization, 
it is hypothesized, the nitrogenase and the internal membrane 
system would have to be synthesized concomitantly. 
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The observed 33% increase in growth rate, with only a 
slight lag, which occurs after the addition of ammonia to a 
culture grown initially on atmospheric nitrogen can be explained 
by the repression of the nitrogenase system, as discussed 
earlier. The internal membrane system which would no longer 
be needed would be diluted out. Thus, in a step-up experiment 
the time requiring reorganization necessary in the step-down 
experiment is not necessary, therefore there would be no ex-
tended lag phase during the transition and a more rapid change 
to a new growth rate, as observed. 
The electron microscopic observations of samples taken 
at the various stages in the step-up and step-down experiments 
(Fig. 3 and 4, and Plates 9-34) appeared to confirm the sug-
gested model. The transition from the nitrogen fixing cell, 
with its vast internal membrane system, to the ammonia-grown 
cell showing very little internal membrane and large lipoidal 
granules, is completed in about four generations after the 
addition of ammonia. However, the reverse transition occurring 
during the step-down experiment, while more complex, is 
complete in about 2 generations after the exhaustion of ammonia. 
The results of the NADH oxidase kinetic assays, which was 
used as an enzymatic marker to study the biochemical induction 
and repression of the formation of the membrane system, also 
tended to verify this hypothesis. The NADH oxidase level of 
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cells grown exclusively on N2 was 50% higher than the level in 
cells grown solely on aimuonia. Sine~ nitrogen fixation requires 
large amounts of energy and free electrons for its reductive 
steps this observation was not entirely unexpected. In samples 
taken from step-up and step-down growth experiments, increase 
and decrease in NADH oxidase levels appeared to be directly 
correlated with the electron microscopic observations of the 
appearance and disappearance of internal membranes. During 
the step-up experiment NADH oxidase activity changed, within 
4 generations after the addition of ammonia, from the steady 
state level observed when cells are grown with N2 to a lower 
level of activity characteristic of cells grown on ammonia. 
In the step-down experiment NADH oxidase activity increased 
from the level found in ammonia-grown cells to the higher level 
found in N2-grown cells within 2 generations after the ex-
haustion of ammonia. The reason for the initial decrease in 
NADH oxidase activity observed in the step-down experiment 
before the increase in enzymatic activity and the initial 
increase in activity in the step-up experiment before its level 
decreases are enigmatic. 
The fact that there was no noticeable change in the net 
cellular levels of lipid phosphorus in samples taken either 
from the step-up or step-down experiments appeared to be the 
first uncertainty in our hypothesis. We had assumed, that 
·=-----------------..-------------------~-----""""'""""' ________ ,_, ____________________ _,, 
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from the visible increase and decrease of internal membranes 
observed in the electron micrographs and from the corresponding 
increase and decrease in enzymatic NADH oxidase levels, we 
would see a similar increase and decrease in the phospholipid 
levels. As the results indicated, this assumption was incorrect. 
Analysis of the data reminded us, however, that while N2-
grown cells have a much greater internal membrane system in-
vag ina ting off the cytoplasmic membrane they are appreciably 
smaller in size than ammonia-grown cells. The latter would 
subsequently have a correspondingly larger cytoplasmic membrane 
surface area. Thus, a steady state of phospholipid might be 
expected to occur during the transition from N2-grown cell 
rorms to the ammonia grown forms (or vice-versa), in which the 
phospholipid from the invaginating tubular network becomes 
part of the non-invaginating cytoplasmic membrane. 
Upon re-evaluation of the NADH oxidase data we realized 
that the fact that there is a considerable difference in NADH 
oxidase levels on the N2-grown cell membranes as compared to 
ammonia-grown cell membranes, the use of this enzymatic system 
as a quantitative marker for membrane may be unjustified. One 
would have expected that specific activity levels (i.e. the 
ratio of enzyme per unit of membrane) would be constant in 
both preparations unless the enzyme is partially inhibited by 
ammonia. A more rational explanation is suggested from the 
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phospholipid data, in that while NADH oxidase is located on 
the cytoplasmic membrane, it is produced in greater quantity 
on that portion of the membrane which invaginates off the 
cytoplasmic membrane. Thus, in the NADH oxidase assays which 
we have performed, we were not really measuring a quantitative 
increase or decrease in membrane, but were rather observing a 
qualitative change in membrane structure. 
In a step-up experiment, when ammonia was abruptly added 
to a culture actively fixing nitrogen, we observed that nitro-
genase activity sharply decreased within the first 30 min and 
was almost completely eliminated within 2 hr. The drop in 
activity over a period of several hr appears to indicate that 
the arrmonia does not directly inactivate the enzymes already 
present, but that rather further synthesis of enzyme is re-
pressed and the enzyme already present is subsequently degraded 
and diluted out. In the step-down experiment, nitrogenase 
activity is not detected until at least 30 min after the 
limiting ammonia from the medium is completely utilized. Nitro-
genase activity then rapidly increases over the next two hr. 
These experiments strongly suggest that the nitrogenases 
are an inducible enzyme complex, the synthesis of which is 
repressed by the presence of its product, ammonia. The results 
of the step-down experiment appear to support the assumption 
that the nitrogenases are located on the membrane, since the 
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kinetics of their induction closely mirrors in time sequence 
the visualized induction of the extensive internal membrane 
system. The rapid decrease of nitrogenase activity in the 
step-up experiment, however, does not fit the electron micro-
scopic observations of the repression of the membrane system. 
It appeared to take the invaginating membranes at least 8 hr 
to dilute out after the addition of ammonia, while nitrogenase 
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activity was effectively reduced to zero within 3 to 4 hr. The 
previously described degradation of the enzyme, which occurs 
after repression of its synthesis, may explain this time 
discrepancy. 
All the results discussed so far tend to establish that a 
aefinite correlation exists between the induction and repression 
of invaginating membrane system and the nitrogenase system. 
These results, however, do not establish that the nitrogenase 
system is an integral part of the membrane system - as we have 
r. i~itially postulated! Since the cell envelopes can be readily 
separated from the cytoplasmic constituents of the cell, by 
osmotic shock and differential centrifugation techniques (45), 
this hypothesis could be easily tested. 
From the experiments reported in section C of the results 
it became apparent that the nitrogenase was not found on the 
internal membranes. Upon osmotic lysis of cells, all of the 
nitrogenase activity was found in the low speed 30s30 super-
' 
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natant fraction. While no nitrogenase activity was demon-
strate~ in the pelleted 30p30 fraction, this fraction was 
observed to be composed entirely of lysed cells containing the 
extensive internal membranes. The 30 30 fraction was also p 
shown to contain almost all of the NADH oxidase activity. 
Since some NADH oxidase activity still resided in the 30s30 
supernatant, this fraction was further centrifuged for 3 hr 
at 180,000 x g. While this long high-speed centrifugation 
sedimented the remaining NADH oxidase activity found in the 
30 8 30 fraction, all the nitrogenase still remained in the 
supernatant fluid. Electron microscopic examination of this 
high speed 1808 180 supernatant fraction revealed the complete 
. -
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tation tests on the various pellet and supernatant fractions 
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conclusively indicate the true soluble nature of the nitrogenase 
system in A. vineZandii. 
Prior to the present study, it had been generally accepted 
that the nitrogen-fixing enzymes from A. vineZandii were 
particulate (i.e. membrane bound), in contrast to soluble pre-
parations obtained from aZZ other nitrogen fixing organisms, 
since the nitrogenase activity in Azotobacter could be sedi-
mented after 6 hr at 144,000 x g (8) or in 3 hr at 220,000 x g 
(2 3) • Crude preparations from Azotobacter were also observed to 
be less sensitive to oxygen inactivation than were preparations 
from other genera. 
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Why then were we able to isolate a soluble nitrogenase? 
an~wer appears to lie in the method of preparation of the 
cell extracts. Since the initial publication of Bulen, Burns 
and Lecomte (8) on the isolation of a nitrogenase system in 
AzotobacteP, the majority, if not all, of the other workers 
studying this system have used essentially the technique of 
these authors, which involves disruption of the cells in a 
French Pressure Cell. We have now sh6wn that such preparations 
are highly contaminated with very small membrane fragments. 
We believe that during centrifugation procedures these membrane 
fragments either entrap or somehow precipitate the nitrogenase 
giving the false indication concerning its particulate nature. 
From electron microscopic analysis, localization of NADH 
oxidase activity and cytochrome spectra, it is evident that 
the vast internal membrane system of Azotobacter remains pre-
dominantly within the osmotically lysed cell (30p30 fraction) 
after osmotic disruption. Thus, by the use of osmotic shock 
and high speed centrifugation, nitrogenase preparations (180sl80) 
with high specific activity can be prepared which are free of 
ribosomes and membranous particles containing enzymes associated 
with the electron transport system. 
As previously emphasized by Marr (34), it is not always 
recognized that methods for disruption of bacterial cells that 
impair the integrity of fragile structures may lead to error 
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in deciding what is soluble and what is particulate. Independent 
of th~ criteria chosen, however, both the centrifugal proper-
ties and the oxygen !ability of the A. vineZandii nitrogenase 
prepared by osmotic shock are more similar to these character-
istics of clostridial preparations than to those of Azotobacter 
prepared with the French Pressure Cell. 
These findings, together with the detailed electron micro-
scopic comparison of membrane formation in A. vineZandii cells 
grown on atmospheric and fixed nitrogen sources, reported by 
Oppenheim and Marcus (38) and earlier in this thesis, point 
to definite structural modifications in the cell that protect 
the nitrogenase system from oxygen inactivation. The structure-
func~~0il ~~~ei we propose (3j,jf) envisions that the internal 
membranes, which are the site of respiratory activity, surround 
the soluble nitrogen fixing enzyme system providing a barrier 
between the cytoplasm and the relatively oxygen rich environ-
ment of the cell. The respiratory enzymes on the membranes 
maintain the conditions within the cytoplasm necessary for 
nitrogen fixation. 
The existence of some such model is implicit in the various 
papers in the literature dealing with the effect of po2 on 
nitrogen fixation in the Azotobacter. Dalton and Postgate (13) 
have suggested that the oxygen tolerance of nitrogen fixing 
enzymes from Azotobacter chroococcum may be due to two pro-
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tective mechanisms acting in concert. The first mechanism 
requires that the respiratory enzymes scavenge oxygen before 
it reaches the nitrogen fixing site. Phillips and Johnson (43) 
proposed such an oxygen wasting system to maintain a low elec-
tron potential within the cell. The second proposed mechanism 
results from a conformational arrangement which renders the 
sensitive sites inaccessible to oxygen, or perhaps these sites 
are stabilized so that even so that even though they are 
accessible to oxygen they are unaffected by it. 
Since the respiratory enzymes of A. vinelandii are bound 
to the cell membrane (45), the oxygen scavenging mechanism 
might be said to predict the observed differences in the 
membrane content of cells grown on atmospheric N2 and those 
grovm on ammonia (38). Note, however, that the proposed model 
does not require that the nitrogenase must be attached to the 
membrane or that it is less oxygen labile than the clostridial 
system. It is the counterpart of the structures that have been 
developed by the other aerobic nitrogen fixing organisms. which 
face the same problem of carrying out an anaerobic process in a 
sea of oxygen. Two examples are the membranous sac that en-
closes the bacteroids in the nodules of the soybe~n (4) and the 
non-photosynthetic cyst structure in blue-green algae (15). 
-----~~~-·'" 
V. SUM.MARY 
An extensive internal membranous network, in addition to 
the cytoplasmic membrane, was formed in Azotobacter vineZandii 
only when this bacte~ium was grown with atmospheric nitrogen 
(N2 ), i.e., under conditions when this organism fixed nitrogen. 
Very slight quantities of internal membrane were formed when 
A. vineland-ii was grown with fixed nitrogen, i.e., ammonia 
nitrate, or Casamino acids. Compared to cells grown with 
ammonia, cells which utilized atmospheric nitrogen as their sole 
nitrogen source were smaller in size and volume, grew 1/3 
slower, had a 50% higher NADH oxidase activity and lacked de-
tectable poly-S-hydroxybutyrate. 
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on a medium lacking fixed nitrogen growth lagged for 45 min and 
then proceeded at a rate 25% faster than before; nitrogenase 
activity decreased by 95% within the first hr and was almost 
completely eliminated in 2 hr; NADH oxidase activity increased 
slightly (5%) in the first hr then exhibited a continuous 
decrease during the next 7 hr until a steady state level was 
reached after approximately 4 generation times. This level was 
1/3 less than before the addition of ammonia. Net phospholipid 
per cell remained constant. Within 4 generation times after 
the ammonia was added, the internal membrane system, which had 
previously transversed the cytoplasm, was barely discernible. 
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When a culture of A. vineZandi-i was grown with a limited 
supply of ammonia so that the supply was exhausted at a low 
cell density, growth lagged for 1-1/2 - 2 hr after the ammonia 
was depleted; nitrogenase activity could be detected in 30 to 
60 min and rapidly increased for 2 hr and finally reached a 
steady state after 3 hr; NADH oxidase activity decreased 20% 
within the first hr, rapidly increased during the next 2 hr and 
reached a steady state in 4 hr, which was 50% higher; the net 
phospholipid level per cell remained constant. The internal 
membranes, which were absent in the aITullonia grown cells, first 
appeared as simple invaginations off the cytoplasmic membrane 
within 90 min and completely pervaded the cytoplasm within 
' ' v J.J..L • 
A non-particulate nitrogenase system which remained in the 
supernatant fluid after centrifuging for 3 hr at 180,000 x g 
was extracted from Azotohacter vineZandii by osmotic lysis. 
This nitrogenase preparation was more oxygen labile than pre-
viously reported preparations. The particulate characteristic 
and oxygen stability of previously described preparations 
appear due to the method of cell disruption, e.g., in the French 
Pressure Cell. 
The data presented support a nitrogenase model system in 
the intact cell in which the oxygen-labile nitrogenase enzymes 
are protected from oxygen by the extensive internal membranous 
system which A. vineZandii synthesize only when they fix nitrogen 
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